The GaN-based membrane high contrast grating (HCG) reflectors have been fabricated and investigated. The structural parameters including grating periods, grating height, filling factors and air-gap height were calculated to realize high reflectivity spectra with broad bandwidth by the rigorous coupled-wave analysis and finite-difference time-domain method. Based on the optimized simulation results, the GaN-based membrane HCGs were fabricated by e-beam lithography and focused-ion beam process. The fabricated GaN-based membrane HCG reflectors revealed high reflectivity at 460 nm band with large stopband width of 60 nm in the TE polarization measured by using the micro-reflectivity spectrometer. The experimental results also showed a good agreement with simulated ones. We believe this study will be helpful for development of the GaN-based novel light emitting devices in the blue or UV region. P. Tsai, "Optical magnetic response in three-dimensional metamaterial of upright plasmonic meta-molecules,"
Introduction
Over the past decade, GaN-based optoelectronic devices such as resonant cavity lightemitting diodes (RCLEDs) and vertical cavity surface emitting lasers (VCSELs) have been investigated and developed for many different applications [1] [2] [3] [4] . One of the important ingredients of RCLEDs and VCSELs is the high reflectivity reflector for forming high quality factor cavity structures. Distributed Bragg reflectors (DBRs) consisted of multiple-pair indexcontrast materials is one of the choices for cavity reflectors. However, III-N based DBRs were challenged to fabricate due to the lattice-mismatch problem and small index difference between GaN and AlN material systems. The epitaxial growth of crack-free high reflectivity GaN/AlN DBRs have been demonstrated by insertion of the superlattice for strain relaxation in 2006 [5] . The complex epitaxial structure and narrow stopband width in the reflectivity spectra were still issues to be solved. On the other hand, the high contrast grating (HCG) reflectors have been recently developed and investigated because of their superior properties such as highly reflectivity with large bandwidth, polarization control and light mass for fast tuning of cavity modes [6] [7] [8] [9] . Up to now, HCG have been demonstrated in several III-V systems and applied on different optoelectronic devices. In recent years, HCG structures have been integrated to 850 nm VCSELs and tunable HCG VCSELs [7, 10, 11] . Besides, HCG VCSELs have further been explored to operate at 1550 nm for optical communications and wavelength division multiplexing applications [12, 13] .
As for the HCG development in the short-wavelength region, the GaN surface grating reflectors have been proposed for the wavelength range in the blue band. But the reflectivity of the surface grating reflectors only reached to 90% [14] . Besides, the AlGaN membrane grating reflectors have been realized by photoelectrochemical (PEC) etching of the underlying InGaN sacrificial layer for the wavelength range in the green band [15] . However, the PEC etching strongly depended on material properties of the InGaN sacrificial layer and it would bring up several challenges such as difficulty in fabrication of thick InGaN epitaxial structures to form a thick underlying air-gap. So the thickness of air-gap would be limited to 200 nm, resulting in low reflectivity (~80%) due to the insufficient air-gap height. Here, we reported the GaN-based membrane HCG reflectors with a thick undercut air-gap using e-beam lithography (EBL) and focused-ion beam (FIB) process. The rigorous coupled-wave analysis (RCWA) [16] and finite-difference time-domain (FDTD) method [17, 18] were used to calculate the optimized parameters for fabrication of the high reflectivity GaN-based membrane HCG. In fabrication, the GaN-based membrane HCG reflectors with a thick airgap were fabricated by EBL [19, 20] and FIB process [21] . The large thickness of air-gap could inhibit severe reduction on the stopband bandwidth of reflectivity spectrum. Finally, the reflectivity spectra in TE and TM polarization were measured by the micro-reflectivity spectrometer. The experimental results showed a similar tendency with the simulation ones.
Design and Simulation
The schematic of the GaN-based membrane HCG is shown in Fig. 1 . We assumed that both transverse electric (TE; electric field direction parallel to the grating lines) and transverse magnetic (TM; electric field direction perpendicular to the grating lines) polarized lights would incident from the air side to the HCG structure in the normal direction. The optimized structure was designed to maximize the reflectivity (TE polarization) at λ = 460 nm. The main parameters including grating period (Λ), grating height (H), filling factor (FF, grating width divided by the period) and air-gap height (AH) were considered in the calculation. The refractive index dispersion of GaN was applied by using the Sellmeier equation [22] . We first performed the RCWA calculations on the GaN-based membrane HCG shown in Fig. 1 to find the optimum structural parameters. The detailed optimization process was similar to the previous reports [6, 14] . The optimized structure parameters have been determined as follows: the grating period (Λ) was 405 nm; the grating height (H) was 160 nm; the filling factor (FF) was 0.525; and the air-gap height (AH) was 400 nm. Figures 2(a) and 2(b) plot the diffraction efficiency spectra of the optimized structure for the TE and TM polarized lights, respectively. The reflectivity reached to 99% at 460 nm for the TE polarization. On the contrary, the reflectivity for TM-polarized light showed the spectrum obviously different from the TE-polarized results. This suggested that the optimized GaNbased membrane HCG reflector could achieve high reflectivity with good polarization selectivity. The reason of high reflectivity could be described as follows: when the wavelength of incident wave equals to or large than the grating period, energy of the high order diffractions would be suppressed. So it would only exhibit the reflected or transmitted wave in the normal direction to the surface. Hence, as the wave propagates through the subwavelength grating with proper design, it will experience the destructive interference while the phase difference is π between the index contrast materials. So it will lead the reflectivity approaching to almost 100% with little transmittance [9, 14] . To further analyze the reflectivity spectrum in Fig. 2(a) , the spectral stopband width Δλ R for the reflectivity larger than 99% could reach 45 nm. It indicates that the GaN-based membrane HCG reflector is superior to the surface type grating reflector for which the stopband width was only 20 nm [14] due to the insufficient total reflection conditions at the top side of the HCG. Therefore, the GaN-based membrane HCG could be excellent for serving as the high reflectivity reflectors of GaN-based VCSEL or other novel photonic devices. Next, the FDTD method was employed to investigate the electric field (E y ) distribution of GaN-based membrane HCG with incident wavelength at 460 nm. The electric field distributions of GaN-based membrane HCG reflectors with air-gaps of 100 and 500 nm are shown in Fig. 2(c) and Fig. 2(d) , respectively. It should be noted that the incident lights came from the top air side in the FDTD calculations. Figure 2(c) shows the incident wave would transmit through the HCG structure because the air-gap thickness is insufficient for supporting the destructive interference. On the contrary, it can be observed that almost no electromagnetic energy could transmit through the HCG with the air-gap of 500 nm in Fig.  2(d) . It suggests that the destructive interference is perfect for the membrane HCG reflector with a large air-gap.
To consider the difficulty in actual nano fabrication process, the fabrication tolerance of different structural parameters in the GaN-based membrane HCG reflectors were calculated. The influences of various parameters on the reflectivity spectra including the grating period (Λ), grating height (H), filling factor (FF), and air-gap height (AH) of GaN-based membrane HCG reflectors were discussed as shown in Fig. 3 . Figure 3(a) indicates that the grating period should approach the designed wavelength to reach high reflectivity spectra. For the grating height mapping shown in Fig. 3(b) , it is worth mentioning that grating height has high tolerance for fabrication process around 460 nm. The large stopband spectra with reflectivity greater than 90% can be observed over the grating height ranging from 120 nm to 180 nm. On the other hand, as shown in Fig. 3(c) , the high reflectivity could be only observed when the filling factor ranges from 0.5 to 0.525, making the filling factor to be the most sensitive parameter in the HCG fabrication. We can learn from Fig. 3(d) that high reflectivity over 99% with a 76 nm wide stopband width can be obtained when the air-gap height is greater than 400 nm. On the contrary, the value of reflectivity gradually decreases when the air-gap height is less than 200 nm. 
Results and Discussion
The epitaxial structure for fabrication of the GaN-based membrane HCG reflector was grown by a low pressure metal-organic chemical-vapor-deposition system. A 2.5 μm thick un-doped GaN layer was grown on a c-plane sapphire substrate. As for the fabrication process, firstly, a 200 nm SiN x layer was deposited as a hard mask on the top of the as-grown sample by plasma-enhanced chemical vapor deposition. Then, a 300 nm PMMA layer as the soft mask was coated on the sample by spin coating. After that, the grating patterns were defined on the PMMA by EBL. Then the SiN x layer was etched down to reveal the GaN surface using reactive-ion etching (RIE). The induced-coupled plasma (ICP) was used to etch the GaN layer for about 200 nm deep. The area of the patterned HCG was designed to be 400 μm 2 . The SiN x layer was removed by the buffered oxide etch (BOE) dipping. Finally, we employed the FIB to fabricate the membrane structure with large air-gap height by tilting the sample for ionbeam etching. Figures 4(a), 4(b) and 4(c) show the scanning electron microscope (SEM) images of the final results for the plane view and the tilted angle view. The parameters estimated by the SEM images are as followed: Λ ~410 nm, H ~160 nm, FF ~0.524, and AH ~800 nm, which are closed to the designed values.
To further analyze the reflectivity spectra of the GaN-based membrane HCG reflector, the micro-reflectivity spectrometer was used to measure the reflectivity in the TE/TM polarization. The micro-reflectivity spectrometer contained one light source (Halogen lamp; 12 V, 100 W), one polarizer, one analyzer, and one 100X objective lens as a condenser. Moreover, the silver mirror was used as a reference for calibration of the reflectivity spectra. In measurement, the white light emitted from the Halogen lamp passed through the polarizer and then was split into two beams via a 50/50 beam splitter (BS). The reflected beam would be directed into the 100X objective lens with a numerical aperture (N.A.) of 0.9 and then was focused on the sample and silver mirror, respectively. The spot size was estimated to be 400 μm 2 which was fitted to the area of the membrane HCG. Then, light reflected from the sample (or silver mirror) was collected by the objective lens and passed through the analyzer. Finally the collected light would be fed into a photometer tube to record the reflectivity spectrum. The reflectivity spectra with TE or TM polarization could be distinguished by the polarizer and analyzer. Figure 4(d) shows the measured and simulation reflectivity spectra of the GaN-based membrane HCG reflector for TE/TM polarizations. The red solid line shows the measured reflectivity spectrum in TE polarization. The difference between the simulation and experimental results could be attributed to the tapered sidewalls of GaN-based membrane HCG reflectors. During the etching process, the sidewalls of grating would form trapezoid shapes and the filling factor thus changed accordingly, which would modify the reflectivity spectrum of membrane HCG. Nevertheless, the reflectivity with the TE polarization was greater than 0.9 with a stopband width of Δλ R ≈60 nm (from 440 nm to 500 nm). On the contrary, the black solid line shows the measured reflectivity spectrum in TM polarization which exhibits only 10% reflectivity at 460 nm. The extinction ratio of TE/TM polarization is greater than 9, suggesting that the GaN-based membrane HCG reflector has good polarization selectivity. The presented results were consistent with the simulations and should be helpful for realization of the blue-violet HCG VCSELs and other novel photonic devices.
Conclusion
In summary, the GaN-based membrane HCG reflectors have been designed and fabricated. The optimized parameters have been calculated and analyzed to reach high reflectivity with TE polarization using RCWA and FDTD methods. The large fabrication tolerance is helpful for reduction the difficulties in the process. Moreover, the GaN-based membrane HCG reflectors with large air-gaps have been fabricated by the EBL and FIB process. The reflectivity spectra with TE/TM polarization were measured by micro-reflectivity spectrometer. The measured reflectivity spectrum for TE polarization showed a large stopband width of about 60 nm with reflectivity over 90%. The measured results were in good agreement with the simulation results. We believe the presented results provide great potential for applications on the GaN-based photonic devices and could be helpful for realization of GaN-based HCG VCSELs and other novel photonic devices in the near future.
